Abstract. Accumulating evidence suggests that the acetylation and deacetylation of histones play significant roles in transcriptional regulation of eukaryotic cells. The balance between acetylation and deacetylation is an important factor in regulating gene expression and is thus linked to the control of cell fate. The histone deacetylase inhibitors (HDIs) including the hydroxamic acids, such as suberoylanilide hydroxamic acid and pyroxamide, the benzamides MS-275 and CI-994 and the butyrate derivative 4-PBA are a new class of anti-neoplastic agents currently being evaluated in clinical trials. Moreover, new synthetic HDIs have been used recently in phase I and II clinical trials. Over the next few years experts believe that as first generation HDIs produce clinical benefits and second generation inhibitors are rationally designed with improved specificity, this class of drugs will emerge as a new way of cancer treatment. The first clinical studies have shown that histone hyperacetylation can be achieved safely in humans and that treatment of cancer with such agents seems to become possible. The use of HDIs, probably in association with classical chemotherapy drugs or in combination with DNA-demethylating agents, could be promising for cancer patients. Further evaluation is needed to establish the clinical activity of combination therapy using HDIs with cytotoxic drugs or differentiation induced agents.
Introduction
Cancer is recognized as the second most common cause of death in the developed world, arising as a result of various factors. The multifactorial nature of cancer breeds a wealth of potential target genes, enzymes, proteins and hormones (1) . Based on advances in cell and molecular biology, the number of therapeutic cancer targets in pipeline is rapidly increasing. Numerous long-standing pharmaceutical as well as new biotechnology companies are driving cancer research for today and future. New cancer drug delivery systems are in development to minimize harm to non-cancerous cells, whist enhancing the effect on the tumor itself.
The organization of chromatin is crucial for the regulation of gene expression. In particular, both the positioning and properties of nucleosomes influence promoter-specific transcription in response to extracellular or intracellular signals (2) . Accumulating evidence suggests that the acetylation and deacetylation of histones play significant roles in transcriptional regulation of eukaryotic cells. Several reports have been published on its role in gene expression (3) . Histone acetylation and deacetylation are catalysed by specific enzyme families, histone acetyl-transferases (HATs) and deacetylases (HDACs) respectively. HATs were originally identified as transcriptional coactivators and HDACs as yeast transcriptional regulators. There are at least four groups of proteins with intrinsic HAT activity, while eight HDACs belonging to three distinct classes have been described in mammalian cells (2) .
The balance between acetylation and deacetylation is an important factor in regulating gene expression and is thus linked to the control of cell fate (Fig. 1) . Disruption of HAT or HDAC activity is possibly associated with cancer development (4) . Genes that encode HAT enzymes are either translocated, or amplified, or overexpressed, or mutated in different types of cancers. Nucleosomes containing highly charged hypoacetylated histones bind tightly to the phosphate backbone of DNA, inhibiting transcription, presumably, because transcription factors, regulatory complexes, and RNA polymerase do not have access to DNA. Acetylation neutralizes the charge of the histones and generates a more open DNA conformation. Since aberrant histone acetylation has been linked to malignant diseases in some cases, HDAC inhibitors (HDIs) have potential as new drugs due to their ability to modulate transcription and to induce differentiation and apoptosis (5) . Molecular analyses of human diseases have suggested that changes in acetylation may play a role in the uncontrolled cell growth of cancer.
The HDIs have been used as a new class of antineoplastic agents currently being evaluated in clinical trials. While these agents have been studied extensively in the laboratory, only recently has their mechanism of action begun to be elucidated. The field of HDIs is moving into a new phase of development. The exponential growth in the level of research activity surrounding the HDACs witnessed over the past decade has now started to produce success in the clinic, particularly in the field of oncology. Over the next few years experts believe that as first generation HDIs produce clinical benefits and second generation inhibitors are rationally designed with improved specificity, this class will emerge as a new class of cancer treatment.
We review knowledge on HDIs, the mechanisms of HDAC inhibition, and their role as a novel target of anticancer therapy, and the first clinical studies that have shown that histone hyperacetylation could be achieved safely in humans.
HDAC inhibitors
The classical group of HDIs include short chain fatty acids (such as 4-phenylbutyrate and valproic acid), hydroxamic acids (such as suberoylanilide hydroxamic acid or SAHA, pyroxamide, trichostatin A or TSA, oxamflatin and CHAPs), cyclic tetrapeptides (such as trapoxin, apicidin and depsipeptide-also known as FK-228 or FR 901228), benzamides (such as MS-275) and a variety of other chemical compounds (6) (7) (8) (9) . HDIs have been identified in natural sources, and synthetic inhibitors are also available (Table I) .
Although reports on the activity and structure of the short chain fatty acids are limited, they often used as tools for studying HDACs in vitro and in clinical research (10) . A widely prescribed anticonvulsant, valproic acid, acts as an HDI at relatively high concentrations (11) . An antifugal agent, TSA, has relatively high reactivity and instability, and has been extensively used as a tool for the study HDAC function (12) . A fungal metabolite, depudecin, that inhibits HDAC activity effectively both in vivo and in vitro has also been used (13) .
SAHA and pyroxamide, are members of a class of HDAC inhibitors that are amenable to extensive structure-activity studies, and optimization of the SAHA structure has yielded compounds with subnanomolar activities (14) . Among the more recently synthesized molecules belonging to this class of HDIs are the CHAP compounds, able to exert their inhibitory effect even at nanomolar concentrations (15, 16) . It has also been shown that newly synthesized sulphonamide hydroxamic acid products were able, at micromolar concentrations, to exert antiproliferative action against human colon tumor cells in vitro (17) .
Several cyclic tetrapeptides, such as apicidin and trapoxin, also inhibit HDACs at nanomolar concentrations. The apicidin (18, 19) , interacts with the HDAC catalytic site with their ethyl ketone component, and the trapoxin (20) , which irreversible inhibits HDACs interacting to their catalytic site. Depsipeptide (7, 21, 22 ) is a natural product also able to inhibit HDACs in nanomolar concentrations. The fourth class of HDAC inhibitors consists of a structurally diverse group of agents that invariably contain a benzamide. This part of the molecule interacts with the catalytic site of HDAC, binding to zinc. Members of this class also include MS-275 that inhibits HDACs at micromolar concentrations and CI-994 (N-acetyldinaline), which seems to be an indirect HDI (23) . In recent years, an increasing number of structurally diverse HDIs have been identified that inhibit proliferation and induce differentiation and/or apoptosis of tumor cells in cell lines and in animal models.
Mechanisms of HDAC inhibition
Acetylation disorders may be due to hyperacetylation and concomitant derepression of normally repressed promoters, leading to the presence of a set of proteins at an inappropriate moment. Conversely, underacetylation of a set of promoters could have equally deleterious effects by repressing expression of genes necessary for maintenance of a certain phenotype. In each of these cases, the balance of acetylation and deacetylation is disturbed. However, the actual situation encountered in vivo may be more complex, in that a misdirection of HAT or HDAC activity to wrong targets could be the disease-triggering process.
Inhibition of the HDACs is able to promote a variety of different anticancer mechanisms including apoptosis, cell differentiation and cell cycle inhibition (24) . It is well known that histone acetylation is associated with gene transcription activation (25) (26) (27) . HDIs target gene expression without modifying DNA sequence. They bind tightly to histones and prevent the transcription and expression of tumor suppressor gene (28) . Although HDIs induce the expression of less than 2% of genes in cultured cells, there appeared to be some specificity to this effect (29) . HDIs, such as phenylbutyrate, TSA, and SAHA induce the expression of CDKN1A gene, which encodes the cyclin-dependent kinase (Cdk)-inhibitor p21 WAF1 (30, 31) . The induction of p21 WAF1 and down regulation of cyclin A correlates well with the decreased CDK2 activity and cell cycle arrest. Transient transfection studies found that the induction of p21 by TSA requires the presence of the SP1 site in the promoter. This indicates that the HDI acts directly on the CDKN1A promoter, not on an upstream element of the pathway. Studies on the mechanism of cell growth inhibition by MS-275, showed that downregulation of c-myc mRNA levels and morphological reversion of H-ras transformed NIH 3T3 murine fibroblasts in culture, correlated with cell cycle arrest in G1 phase (32) . MCF7 human breast adenocarcinoma cells are arrested in both G1 and G2/M phases of the cell cycle (21) . In a panel of human tumor cell lines treated with MS-275, induction was observed of p21 WAF1/CIP1 in a p53-independent manner and also downregulation of cyclin D1, which resulted in inhibition of CDK activity, hypophosphorylation of the retinoblastoma protein Rb and G1 arrest (33) . Induction of p21 WAF1/CIP1 expression is thought to play an important if not deterninant role in the arrest of cell growth in G1. Cell clones lacking p21 were not arrested in G1 but continued DNA synthesis and were arrested in G2/M phase (33) .
SAHA has been shown to induce accumulation of acetylated histones in the chromatin that is associated with the CDKN1A gene, and this increase correlates with increase of its transcription (34) . About 2% of the expressed genes present alterations at their transcriptional level in TSA or SAHA treated transformed cells in culture (35) . In addition, treatment with HDI attenuated the activation of p38 mitogenactivated protein kinases (MARK) and extracellular signalregulated kinase MARK, and increased the expression levels of cAMP induced apoptosis protein (cIAP)-1, suggesting that the observed increased adaptation and chromosomal instability induced by inhibiting HDAC activity might be directly connected with the activation of cell survival and/or antiapoptotic signals (36) (37) (38) . TSA has also been shown to activate the p15 INK4B gene, a member of INK4 gene family, and induce transcription of the telomerase catalytic subunit, TERT, in several normal human cell types 39). Therefore, further studies are needed in order to determine the molecular basis of this apparent selectivity in gene expression induced by HDIs.
In human ER-negative breast cancer cell lines, 5-azacytidine (AZAC) alone induced 30-40-fold ER transcript; the addition of TSA elevated the ER mRNA expression about 10-fold more. The combination of AZAC and TSA induced a 300-400-fold increase in ER transcript (40) . ER-· is a critical growth regulatory gene in breast cancer and its expression level is tightly linked to the prognosis and treatment outcome of breast cancer patients, as in breast epithelial cells the loss of ER-· expression is critical for cancer progression. It was shown that HDAC1 interacts with ER-· in vitro and in vivo and suppresses ER-· transcription activity, implying a role of HDAC1 in breast cancer progression by promoting cellular proliferation. In stable transfected MCF-7 clones overexpression of HDAC1 induced loss of ER-· and significantly increased cell proliferation and colony formation, compared to the control MCF-7 cells. Treatment of stable MCF-7 clones with TSA induced re-expression of ER-· mRNA and protein (41) .
It has been demonstrated that HDIs inhibit angio-genesis. FK228 causes histone acetylation of angiogenesis factors, such as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF), and has a suppressive effect on their expression, which suggests that the effect on the expression of angiogenesis factors is important for the antitumor efficacy of FK228 (42) (43) (44) .
Being able to target specific HDAC isoforms is likely to improve the therapeutic margin of this class of drug, however, it has highlighted the need to clarify the optimal profile of an HDAC isoform target. To date 11 HDAC isoforms have been identified. HDAC1 has been shown in a large number of studies to mediate cellular effects consistent with anticancer activity. Hence, selective inhibitors such as MS275 (HDAC1 selective) may be expected to have advantages over SAHA and FK228 which are non-selective inhibitors and are therefore more likely to produce adverse effects. Selective HDAC1 inhibition does not, however, appear to represent the optimal profile of activity. Using functional genomics to identify those HDACs that could play a major role in treating cancer, it has been suggested that HDAC8 may be another appropriate target for anticancer therapy (45) . Further, it has been reported that HDAC8 inhibition induces growth arrest and apoptosis in human cancer cells but not in normal cells. Developing dual HDAC1/ HDAC8 inhibitors may therefore offer a useful approach and for this reason more information is awaited (45).
HDIs and anticancer therapy
HDIs have been shown to possess diverse biological activities. In vivo xenograft studies have demonstrated many of these agents to be effective in the inhibition of tumor growth. One of the attractions of HDIs is their ability to optimize other therapeutic approaches. HDIs are able to increase the efficacy of drugs such as retinoic acids, vitamin D analogues and PPAR-Á ligands in cancer models (46) . Already in the field of HDIs, an impressive body of data describes the ability of these molecules to modulate a wide variety of cellular functions, including cell differentiation, cell cycle progression, apoptosis, cytoskeletal modifications and angiogenesis. By targeting these key components of tumor ONCOLOGY REPORTS 15: 489-494, 2006 Table I. Histone deacetylase inhibitors. 
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proliferation, HDIs have the potential to occupy a strong position in the fast-moving cytostatic market. Two major reasons for which HDIs could play such a key role, are their ability to improve the efficacy of existing cytostatics (such as retinoids) and moreover, to target the transcription of specific disease-causing genes, conferring unprecedented therapeutic windows to cancer therapy for the first time (24, 47) .
The existing treatment strategies are mostly limited to general HDIs, some of which have pleiotropic and/or unknown effects in addition to deacetylase repression. The first clinical studies have shown that histone hyperacetylation can be achieved safely in humans and that treatment of cancer with such agents seems to become possible. Preliminary results from clinical trials suggest that these agents are very promising. As long as phase II data is in agreement with the earlier stage data already available then HDAC inhibitors could represent one of the next classes of anticancer agent.
Several HDIs have shown impressive antitumor activity in vivo with remarkably little toxicity in preclinical studies and are currently in phase I or II clinical trials (36, 48) . HDIs currently in clinical trials include the hydroxamic acids suberoylanilide hydroxamic acid (SAHA; Memorial SloanKettering Cancer Center/Aton Pharma Inc.) and pyroxamide (National Cancer Institute/Southern Research Institute), the benzamides MS-275 (NSC; Shering AG), CI-994 (acetyldinaline; Pfizer Inc.) and the butyrate derivative 4-PBA (sodium-4-phenylbutyrate; Johns Hopkins University) (27, 49) . A number of carboxylates, including butyric and phenylbutyric acid are in clinical trials for cancer treatment alone and in combination with other agents (48, 50) . Phenylbutyrate was one of the first HDIs to be tested in patients. A related compound of sodium phenylbutyrate, arginine butyrate, was recently evaluated in a phase I trial on metastatic colorectal cancers in combination with interleukin-2, but induced severe liver damage (51) . A combination of phenylbutyrate and all-trans retinoic acid (ATRA), for example, induced histone hyperacetylation and complete remission in a case of highly resistant promyelocytic leukemia before relapse occurred after 7 months (46, 52) . Butyrate and its analogs are also currently being evaluated as differentiating agents in prostate cancers. SAHA and pyroxamide have recently been used in clinical trials, the most advanced of which is SAHA (phase II). In patients with either solid tumors or Hodgkin's disease, tumor regression and improvement of symptoms were observed at doses not exerting any clinical toxicity. A phase I trial with depsipeptide revealed promising results in patients with T-cell lymphoma, and hyperacetylation of histones in primary lymphoma cells was associated with the clinical improvement of patients (27) .
In a phase II study, patients with peripheral T-cell lymphoma (PTCL) or cutaneous T-cell lymphoma (CTCL) were treated with FK-228 (Piekarz R, et al: Proc Am Soc Clin Oncol 21: abs. 88, 2002). From nine evaluable patients with CTLC, there were seven partial responses, and two additional patients that are ongoing. TSA has been shown to have a transcriptional repression, demonstrating a possible treatment strategy for the cases of leukemia where mistargeting of HDAC activity is suspected. However, because of its toxicity, use of TSA as a treatment agent for leukemia is severely limited. TSA has also been shown to effectively inhibit squamous carcinoma cell proliferation and keratinocyte growth ex vivo. TSA-mediated arrest was found to be irreversible (53) . Therefore, it is possible to envision a topical application of TSA in skin cancer, limiting some of the toxic side effects.
Several studies have reported a link between dietary fiber uptake and histone acetylation. The protective effects of high-fiber diet with regard to colon cancer development are known. A possible mechanism is the production of butyrate through colonic bacterial fermentation of fibers, which inhibits proliferation of colon cancer cell lines. Although the concentration of butyrate in the colonic lumen exceeds levels that inhibit proliferation of colon cancer cells in tissue culture, these concentrations still allow growth in the colonic crypt (54) . A possible explanation, is that different dietary fibers may vary in their efficacy of increasing butyrate production (55, 56) , and possibly, the sensitivity of adenocarcinoma cells to butyrate can differ, at least in a tissue culture system (57) . Combination of fluorouracil, phenylbutyrate, indomethacin and interferon-Á in treating patients with advanced colorectal cancer is now in process, and information regarding this clinical trial from National Cancer Institute, USA, can be found at the electronic address http://www.cancer.gov/cancer_information/.
The benzamide class, which is generally less potent than the corresponding hydroxamate and cyclic tetrapeptide classes, includes MS-275 and CI-994. MS-275 is currently in phase I clinical trials. CI-994 is an orally bioavailable compound that causes accumulation of acetylated histones, although is not able to inhibit HDAC activity in a direct fashion (23) . Combination trials of CI-994 for non-small cell lung cancer with either capecitabine or together with carboplatin and paclitaxel in phase II studies are now in progress (27) .
The above-mentioned studies indicate that the inhibition of HDAC activity leads to relaxation of the structure of chromatin associated with a specific set of programmed genes. The relaxed chromatin structure allows these genes to be expressed, which finally inhibit tumor cell growth. It seems that the most advanced agents include constituents from the small-molecule hydroxamate (SAHA, phase II) and cyclic peptide (FK-228, phase II) structural classes (58, 59) . Promising results from these studies will continue to drive the exploration of HDAC function and inhibitor design.
Conclusions
Due to the combinatorial nature of the above mentioned agents and HDAC interaction, a large number of regulatory proteins is set to expand dramatically, and it is quite possible that targeting a selected complex could control the transcription of a single gene. Therefore, the challenge of the future is to attribute specific HDAC complexes to cellular function, and to identify molecules able to block the activity of these functions. Meeting this challenge is likely to produce therapies with efficacy and selectivity not currently possible with the existing cytostatics, and the ability to target the expression of selected genes usually reserved for biologics.
The use of HDIs, probably in association with classical chemotherapy drugs or in combination with DNA-demethylating agents, could be promising for cancer patients. There are many unanswered questions regarding the optimal evaluation and utilization of HDIs for cancer therapy. At clinical level further studies are needed in order to delineate the optimal dosage and the duration of therapy. Further evaluation is needed to establish the clinical activity of combination therapy using HDIs with cytotoxic drugs or differentiation agents, and studies are underway to address these issues.
